Abstract-A novel switched reluctance machine with a double rotor configuration is introduced in this paper. The proposed design is based on optimization of the electromagnetic forces, which leads to a better electro mechanical energy conversion process. Finite Element Analysis (FEA) is used to simulate the torque characteristics and the harmonic distortion is used to evaluate the performance of the proposed motor. In the conventional machine structure the torque ripple is major drawback as the majority of the forces produced are in the radial direction that in turn does not contribute much to the torque production. However a larger torque value can be achieved if the normal forces are in the direction of motion. Double rotor exploits the fact that the same excitation produces dual magnetic paths if the reluctance between iron and air is reduced to half with increased area of flux linkage thereby maximizing the generated torque. Because of the difference in value in the radii the torque developed is not doubled due to the mechanical tolerances. However, the torque generated in double rotor is higher than conventional structures because of the reduced variable reluctance in the air gap. Both rotors are fixed to the same shaft which leads to a unidirectional torque and consequently by law of superposition, the torque generated piled up together. Based on the above motivation, the Double Rotor SRM (DRSRM) is proposed. Another advantage of the proposed DRSRM is the increase of the effective area usage for the machine structure. The results of our investigations indicate that the proposed geometry offers superior performance with improved torque characteristics with reduced THD.
INTRODUCTION
Switched reluctance motor (SRM) are finding its way to replace the major overhaul of industrial and commercial induction machines with its simple structure. SR works on the attraction repulsion principle of stator and rotor. The fringing flux that develop just before the overlap position of the stator and rotor teeth make the current to be nonlinear and, consequently, variations in torque are generated resulting in torque ripples [1] [2] . Despite considerable progress in development of power electronics based control of SRM drives, efforts on optimal magnetic design along with the optimised controller is required to make the SRM more prolific for industrial and commercial applications.
The concept of design optimization of the SRM has been addressed by several researchers. A novel SRM for low-cost production and high power applications is presented in [4] . Segmental rotor construction in preference to the usual toothed structure that demonstrates better torque per volume than does a conventional SRM is presented in [5] . Increasing power density of conventional SRM requires a relatively smaller size air gap. In turn the machine is forced to a highly saturated operation and along with the high radial forces, causes mechanical noise and vibration [6] . Ref. [7] [8] [9] [10] [11] [12] presents the effect of optimal slot-pole configuration for reduction of torque ripple with slot/slot less configurations when driven by a sinusoidal current. Generation of sinusoidal characteristics makes the controller design and operation much simpler [7] . Double salient configuration of SRM along with the absence of magnetic sources on the rotor dictates a very limited participation of the air gap in energy conversion. Furthermore, the motional forces are shown to be concentrated in very limited areas. This has forced SRM to operate mostly under saturation to achieve comparable force densities with respect to other singly excited candidates. A physically insightful analysis of the electro-mechanical energy conversion process by introducing a dual air gap structure that increase power density with appropriate control excitation. With the same excitation the machine structure generated dual magnetic paths in series as the reluctance between iron and air is reduced to half that increase the area of flux linkage thereby maximizing the generated torque. The objective of our study is to propose an alternative geometry, with which a greater percentage of the electromagnetic forces contributes to the motional torque. In order to accomplish this objective, a double rotor reluctance motor is proposed. The structural variation on the shape is studied using FEM and the optimised structure is evolved that reduce the fringing flux and to have a more linear inductance profile, so the torque ripple is reduced. The optimal shape of the proposed model is obtained by two-dimensional (2-D) finite-element method (FEM) analysis. Using a comprehensive field analysis, the performance of the proposed geometry and that of a conventional SRM the torque characteristics are compared. Based on the result, it shows that double rotor type SRM produced higher torque compared to conventional SRM with reduced THD.
A. PRINCIPLE OF TORQUE GENERATION TORQUE PRODUCTION
The voltage equation of the SRM governing the phase current is given by (1 Under ideal condition as shown in the Figure 1 , the inductance in the region prior to overlap of stator and rotor teeth is constant, so the current is increased linearly (as shown in region a). The slope of inductance is zero and no torque is produced in the region from (3). Thus, the ideal SRM produces torque only in the overlapped region (b-d) (for motoring action) & region (f-h) (for generating action). However the actual inductance is not constant prior to the region of the overlap teeth because of the fringing flux due to the overlap of the rotor and stator teeth. The variation of the inductance in this region produces torque and makes the current to increase nonlinearly. This nonlinear torque in the region is the main cause of torque ripple. The equation of the inductance profile L (θ) is
where L a : aligned inductance; L u : unaligned inductance The torque equation is obtained from (4) By the control of excitation the machine can be operated in the motoring or the generating mode. The generated torque differs according to inductance value at the interaction of stator and rotor poles. The inductance value depends upon the reluctance of the magnetic circuit given by:
where l is length of section in [m], µ r is relative permeability of the material and µ 0 is permeability in vacuum (1.257 x 10 -6
). By the decreasing the length of the air gap the reluctance is decreased thereby increasing the pull force of stator and rotor at the tooth tip and increase the torque generation.
D. FEM Analysis
The motor is highly saturated under normal operating conditions. FEA tool is used to obtain the magnetic vector potential values due to the presence of complex magnetic circuit geometry and non linear properties of the magnetic materials. The problem is formulated with constant excitation current. By the variations on rotor structure from unaligned to aligned torque characteristics is generated. ቁ + ‫ܬ‬ = 0 (9) where Ʀ -the magnetic reluctance;
A -the magnetic potential; J 0 -the current density
The force on the object in the magnetic field is calculated by Maxwell's stress tensor method.
Using (10),the torque is given by (11):
where Figure 2 is a variable reluctance synchronous machine that is designed for improved torque performance. The structure employs two rotors of four poles each with the common axis and a double headed stator with six poles. There is dual air gap (outer air gap & inner air gap) between inner and outer rotor surface to the surface of the stator. Double rotor exploits the fact that any flowing current produces two reluctance paths (in this case with reduced air gap by half) and uses both to generate torque. As seen in (7) the length of the air gap is decreased by half (0.05 mm each) compared to the single air gap length of 0.1 mm in conventional machine structure. The two air gap reluctance magnetic circuit is created. The torque generated is certainly not doubled because the distance of each of the rotor from the centre of rotation is not equal. However, the torque generated in double rotor is more than that generated by single rotor. Both rotors are fixed to the same shaft.
B. Operating Principle
DRSRM similar to the conventional SRM is a singly excited machine and has concentrated phase coils with a diametric pitch, which are placed on the inner stator poles and connected to form a three phase machine. The rotor is extended from one end for connection to the load. Under the motoring mode of operation, the electromagnetic torque is generated by the tendency of the magnetic circuit to minimize the reluctance. The reduction of reluctance is achieved by the variation on the effective area of flux concentration.
C. Design Optimisation
In an effort to reduce the torque ripple, new geometric shapes and their associated parameters is studied using FEM tool and an optimized structure that evolves sinusoidal torque characteristics is proposed. The inner stator pole surface is modified as shown in Figure 3 and are investigated as it encloses the fringing flux area that change the flux density in the inner rotor air gap. Various models are developed using the FEM tool for higher average torque and lower THD by varying the parameter ratio of "a" and "b" marked in the Figure 3 . With the taper teeth part marked "b" fixed the variations in the value of "a" is performed and viceversa. Three best models based on the various taper shape is shown in Figure 3 with the extending 15 0 both sides. Model 1 is considered as the reference whereas Model 2 and Model 3 derive the best values at extreme conditions. Based on the simulation result of torque for every combination of the pole teeth surface the torque characteristic is derived. Among the torque characteristics that generate highest torque and lowest THD are considered for analysis. Variations on the pole surface show significant change in the shaping of the torque characteristics as in Figure 4 . Model 3 exhibits the optimized pole shape with higher average torque and lesser THD. The lowest THD value indicates the best sinusoidal waveform that been contributes the torque waveform. The comparisons on the three models in terms of torque values and THD is as shown in Table I . It shows that the THD for the optimized (Model 3 in this case) is 13.44% which is 60% better Model 2. Though Model 1 gives improved torque compared to Model 3 the THD is increased by 23%. The shape of the torque characteristics is not sinusoidal for both the Model1 and Model 2. 
III. COMPARATIVE EVALUATIONS

A. Structural Comparisons
To be able to compare the performances between the conventional SRM and the proposed DRSRM, the motors are designed for the same base values and are shown in Table III  and Table IV respectively towards the end of the paper. The effective area usage as in the case of DRSRM is higher as the structure reduces rotor open space. The heat generated due to the operation is minimal compared to other type of machines as the rotor hoses neither magnets nor it carries any winding. The winding space available for the DRSRM is increased by 30% compared to the conventional SRM and thereby increase the net magneto motive force (mmf) and thereby the generated torque. The iron space available for the stator is decreased by 58.5% reducing the stator core loss effectively. As the rotor neither carries coil nor magnet increase of volume of rotor in SRM do not contribute greater machine loss except for the mechanical losses. The magnetomotive force orientation of these coils is such that a long flux path is created and maintained at all times. As the conventional SRM consists of single air gap the flux flow is limited to the reluctance in the air gap. In this design the air gap length is fixed to be of 0.1 mm. The torque generation majorly depends on the air gap reluctance. In the DRSRM design the two air gap length is decreased to 0.05 mm each so that the total air gap is 0.1 mm. The phases are excited in sequence to generate a long flux in the core and the piled up torque based on the mmf values generated by the excitation coils makes the rotor to continuously rotate. The flux flow and the magnetic circuit for the conventional SRM are shown in Table V . The sequence excitation of the adjacent phases similar to the conventional SRM, a counter clockwise excitation pattern among stator phases result in a clockwise direction and viceversa. The increase in the effective area of flux linkage at the two air gap surface between the stator and the rotor tooth thereby higher torque generated compared to that of the conventional SRM.
B. Comparative Evaluations
Comparative evaluations of the conventional SRM and the proposed DRSRM are presented. The static characteristics curve for the both the structures are carried out with rotating the rotor from 0 to 90 degrees with interval of 5 degrees. The torque characteristic is as shown in Figure 5 (a) and the THD are shown in Figure 5 (b) . It is inferred from the study that the proposed DRSRM increases the average torque by 23% with the THD reduced by 79% compared to that of the conventional SRM. DRSRM also increase the effective volume for the construction of the structure that accommodates for higher coil space by 30%. This increases the net mmf and thereby the generated torque. The characteristic exhibited by the DRSRM is sinusoidal with reduced THD. The maximum torque generated by the DRSRM is about 1.56 N-m with the THD value of 13.4%. The maximum torque generated by the conventional SRM is about 1.27 N-m with THD value of 67.1%. The reductions in THD of the DRSRM shape the torque characteristics to be more sinusoidal. The optimal evolution of the pole structure generate the sinusoidal characteristics makes the design of the controller much simpler and effective control in the torque ripple reduction [7] .
I. CONCLUSIONS
Unlike conventional SRM, the DRSRM offers efficient configuration in terms of generation of torque with lesser harmonic distortion. By the virtue of engineering a dual magnetic flux path with reduced cross -sectional area in the air gap is developed and thereby increasing the linkage flux in the stator rotor tooth surface a substantial improvement in torque is. Through a comprehensive comparison, it has been demonstrated that the proposed DRSRM has the average torque increased by 23% with reduced THD value of 13.44% compared to that of the conventional SRM. The DRSRM exhibit superior performance indexes as compared to conventional SRM and as such is viewed as a serious contender for high-grade industrial application 
